The third-party curriculum data of each individual researcher is available for unrestricted use at lattes.cnpq.br. However, it is not possible to obtain the complete Lattes curricula directly from the Lattes Platform maintained by the Brazilian National Council for Scientific and Technological Development (CNPq). Thus, there have been created several computational procedures to crawl the curricula. The computational procedures used to get the data is explained in Section DataSet of \[[@pone.0129065.ref029]\] and the process used to store the data in a relational database is explained in Section Data Parsing of \[[@pone.0129065.ref030]\].

Introduction {#sec001}
============

Brazil has been regarded as a developing country in the last few decades and has shown a robust growth in several areas, including scientific research. Funding by the Brazilian government has been of critical importance for the development of this area. The initial milestones of public investment in science were the establishment of agencies such as the Coordination for the Improvement of Higher Education Personnel (CAPES) and the Brazilian National Council for Scientific and Technological Development (CNPq) in the fifties \[[@pone.0129065.ref001]\] which give financial support and offer incentives to Brazilian post-graduate programs. Owing to the expansion and decentralization policies of the nineties, there was a significant growth of academic research output in the country \[[@pone.0129065.ref002]\].

Brazilian scientific policies employ a wide-ranging institutional system that covers the post-graduate programs across the country, and these are consolidated into a bulky triennial assessment procedure, which in 2013 brought together consultants to evaluate 3,342 post-graduate programs involving 65,235 researchers over a period of four weeks. Among the factors that are analyzed as in related work \[[@pone.0129065.ref003]\], the scientific productivity is measured by the number of publications in journals of an officially recognized scientific standard, and thus it is expected that the PhD student is inserted in a research environment where results are determined by the publication of papers. Data about PhD graduate programs in Brazil show that 105,399 PhD degrees were awarded between 1981 and 2010 (estatico.cnpq.br/painelLattes/evolucaoformacao).

Participating in research is the most important activity of PhD students, which may be measured through the publication outputs. According to Pinheiro et al (2014) students develop skills and "know-how" during the doctoral period that enable them to train the process of writing and submitting papers \[[@pone.0129065.ref004]\]. One of their findings is concerned to the positive impact of the collaboration with the advisor to the PhD graduate publications. Different from this, in this work it is studied the influence of the collaboration with the advisor not only for the period of the graduation, but also after this period. The novelty of our approach is to measure the temporal evolution of the dependence index between advisor and advisee. The analyzed data corresponds to a group of PhD researchers in the Exact and Earth Sciences Area registered in the Lattes Platform (a comprehensive platform of curricula vitae of researchers affiliated or related to Brazilian institutions). The advantage of using data obtained from this Platform, is that the advisor-advisee relationship is fully identified by this system and allows large scale bibliometric studies.

Related Work {#sec002}
============

A recent study of the productivity of post-graduate students from the Institute of Energy and Nuclear Research post-graduate program, show that, in its more than 30 years of existence, the time period to publish papers related to that spent on a thesis has declined in the last 10 years \[[@pone.0129065.ref005]\] (this period is calculated as the mean of the difference between the years of publication of the papers and the year of the thesis defense) and in recent decades, there has been an increasing number of papers derived from each thesis.

The burgeoning number of post-graduate students involved in scientific communication has been the subject of studies in many countries that have been discussing the role of master´s and doctorate courses in the research field, among them: France \[[@pone.0129065.ref006]\], Croatia \[[@pone.0129065.ref007]\], Brazil \[[@pone.0129065.ref008], [@pone.0129065.ref009]\], and Peru \[[@pone.0129065.ref010]\]---most of them in areas of Health Science---and in the United States \[[@pone.0129065.ref011]--[@pone.0129065.ref013]\], United Kingdom \[[@pone.0129065.ref014]\] and Canada \[[@pone.0129065.ref015]\]---in several areas. Generally, these studies consist of collecting theses together with the authors' names and searching for their scientific productions in the databases of journals. Some of them use the name of the supervisor as a criterion for deciding if the paper originated from a doctoral research study. The first large-scale analysis of Canadian doctoral student research effort is provided by \[[@pone.0129065.ref015]\] that uses automatic and manual validation to solve homonym's problems. Another factor is the time of publication that is required to collect published papers: for example, 5 years before and after the thesis defense \[[@pone.0129065.ref005]\].

There are also qualitative studies that analyze interpersonal relationships between advisor-advisee (A-A) and consider them to be essential to the success of the PhD project. The instrument used to measure this relationship is, generally, a questionnaire \[[@pone.0129065.ref016], [@pone.0129065.ref017]\]. Other studies \[[@pone.0129065.ref018]--[@pone.0129065.ref021]\] also stress the importance of this relationship. Some studies have also examined this relationship and state that this collaboration positively influence the publication output of PhD students before and after graduation \[[@pone.0129065.ref004], [@pone.0129065.ref022], [@pone.0129065.ref023]\]. The impact of scholarships in the publication output after the PhD graduation has been assessed by \[[@pone.0129065.ref003], [@pone.0129065.ref024]\].

Recently, the A-A academic relationship in the area of computer science was investigated to infer the existence of this relationship by means of data mining tools and computational learning \[[@pone.0129065.ref025]--[@pone.0129065.ref028]\].

Materials and Methods {#sec003}
=====================

Data Description and Notation {#sec004}
-----------------------------

The data in this paper were retrieved from the Lattes platform (lattes.cnpq.br). According to the information provided by this platform, there were 105,399 doctors who graduated until 2011, 10,953 of them registered the Exact and Earth Sciences as their main doctoral area.

The curricula were downloaded following the methodology used by \[[@pone.0129065.ref029]\] and stored in a relational database following the strategy used by \[[@pone.0129065.ref030]\]. The processed data is related with the following: academic degrees, supervision, gender, and publications in peer-reviewed journals. The data analyzed are journal papers per year, gender, the year of beginning the PhD and the year of PhD graduation. Furthermore, in the case of each advisor-advisee pair, we obtained the scientific output that was published through the collaboration between the advisor and the advisee. This study examined the number of publications, the year of beginning the PhD, and the year of PhD graduation that were carried out until 2011.

The supervisory relationships were established through a double check between the analyzed curricula; i.e. we only regarded those that appeared in the curricula of the advisee and advisor as forming a supervisory relationship.

An approximate string matching algorithm was employed to determine the coauthoring relationship by comparing the publication titles, the names of the journals, and the coauthors' lists.

Let Ω be the set of advisors, and Θ be the set of advisees. The number of advisors is ∣Ω∣ and the number of advisees is ∣Θ∣, where ∣.∣ is the cardinality.

In the sample set, we found ∣Θ∣ = 8,250 (15 advisees had more than one doctoral degree or else registered the co-advisor as an advisor), 5,429 advisees are men and 2,821 are women. We also found ∣Ω∣ = 3,184, 2,513 advisors are male and 671 female. ∣Θ∩Ω∣ = 481, i.e. 481 researchers played the roles of advisee and advisor.

Given an author *i*, the total research output *O* ~*i*~ is composed by research outputs *o* ~*ix*~ authored or co-authored by i: *O* ~*i*~ = {*o* ~*i*1~, *o* ~*i*2~, ⋯, *o* ~*in*~}. The number of articles *p* ~*i*~ produced by author *i* is *p* ~*i*~ = ∣*O* ~*i*~∣. Given two authors *i* and *j*, their joint research output *O* ~*ij*~ is defined as a set composed by outputs *o* ~*ijx*~ co-authored at least by both *i* and *j*: *O* ~*ij*~ = {*o* ~*ij*1~, *o* ~*ij*2~, ⋯, *o* ~*ijn*~}. The number of articles *p* ~*ij*~ produced by both author *i* and *j* is *p* ~*ij*~ = ∣*O* ~*ij*~∣.

From the whole research output, only journal papers were included in the analysis. The sum of joint publication between advisee and advisor is ∑~*i*\ ∈\ Θ~ *p* ~*ij*~ = 27,454, where *j* ∈ Ω is the corresponding advisor of each *i*. The total number of advisors' outputs is ∑~*i*\ ∈\ Ω~ *p* ~*i*~ = 164,852 and the total number of advisees' outputs is ∑~*i*\ ∈\ Θ~ *p* ~*i*~ = 93,953.

The Exact and Earth Sciences Area (Exact Sciences for short) in the Brazilian National Council for Scientific and Technological Development (CNPq) database comprises eight subareas: Astronomy, Chemistry, Computer Science, Earth Sciences, Mathematics, Oceanography, Physics and Probability and Statistics. All the features of the Exact Sciences were also collected for these subareas. Thus, the analyses were performed for the complete dataset and for each subarea together with the three decades called: D1 = 1981--1990, D2 = 1991--2000 and D3 = 2001--2010 considering the year of beginning the PhD.

Given an advisee *i*, let *b* ~*i*~ the year of beginning the PhD and *g* ~*i*~ the year of PhD graduation. The year of the first and last publication for an author *i* are represented by $y_{i}^{f}$ and $y_{i}^{l}$, respectively. Without loss of generality, let $y_{ij}^{f}$ be the year of the first output of the author *i* with or without a coauthor *j*.

Method {#sec005}
------

The approach used in this work to address the research questions consist of dividing our analysis in three blocks: Study about time relationship between PhD graduate and advisor Has the time needed to obtain a PhD degree changed in recent decades? The time period to complete a PhD degree $T_{i}^{C} = g_{i} - b_{i}$ has been calculated for each advisee *i*.Are there differences between the distributions of the time until the first publication with/without the advisor? We have defined the elapsed time until the first publication of PhD graduate with his advisor with respect to the year of the PhD graduation as $z_{i} = y_{ij}^{f} - g_{i}$, where *i* is the advisee and *j* his advisor. Thus, negative (positive) values of *z* ~*i*~ indicate the first output was published before(after) the year of PhD graduation. Similarly, we have defined $z_{i}^{*}$ as the elapsed time until the first publication without the advisor. We have observed the concentration and skewness of *z* ~*i*~ and $z_{i}^{*}$.Has it been possible that the duration of the period of coauthorship extrapolates from the formal period of supervision? Two approaches have been adopted to address this question. The first takes account of the time relationship $T_{i}^{R}$ of PhD graduate *i* with his advisor which has been defined as the maximum time relationship from the beginning of the PhD, i.e. $T_{i}^{R} = max(y_{ij}^{l},g_{i}) - b_{i}$. The second only considers the pairs who have published at least one work after the end of the formal period of their academic relationship, i.e. $y_{ij}^{l} > g_{i}$. Thus, the extrapolated time has been defined as $T_{i}^{E} = y_{ij}^{l} - g_{i}$. In both cases *i* is the PhD graduate and *j* is the advisor. In addition, to make a comparison between different decades, we have calculated for each decade and subarea the ratio of extrapolation $v_{i} = T_{i}^{E}/(y_{ij}^{l} - b_{i})$, which allows to normalize $T_{i}^{E}$ in the interval \[0, 1\] and to reduce the cumulative advantage.Study about research output Has the proportion of advisees who have never published an article with their corresponding advisors fallen during the time or decade in question? The number of pairs that has not published with their advisors (pairs with *p* ~*ij*~ = 0) was calculated for each decade.What is the proportion between the total number of joint publications and the total number of the advisee's publications? For each year *y* we compute *q* ~*y*~ = ∑~*i*\ ∈\ Θ~ *p* ~*ij*~/∑~*i*\ ∈\ Θ~ *p* ~*i*~, where *j* is the advisor of *i*. Note that the total number of publications *p* ~*i*~ also includes the publications with only one author.Study about time relationship versus research output Does the time of the relationship correlate with the total number of advisee's publications? We compute the Spearman correlation coefficient between $T_{i}^{R}$ and *p* ~*i*~. This coefficient is a non-parametric measure which calculates the strength of association between two variables. This differs from the Pearson correlation coefficient since it does not require normality assumption or linearity of the association. In the correlation analysis, we have used 95% as a significance threshold.Has the A-A relationship measured by the relative joint production decreased during the time? We adapted the Kulczynski index \[[@pone.0129065.ref025]\] to measure the advisor-advisee coauthoring.

The Kulczynski Coefficient \[[@pone.0129065.ref025], [@pone.0129065.ref028]\] was used in data mining literature to discover the advisor-advisee relationship in a database of published papers. Wang et al. \[[@pone.0129065.ref025]\] aggregated the time factor and defined the Imbalance Ratio for computing the likelihood of one researcher i being an advisor of j; the candidate with the maximum likelihood is chosen by this method. In this study, it has not been necessary to discover this relationship because it has been recovered from the curriculum. We have taken this index for two reasons: (i) it is possible to assess the temporal relationship between advisors and their respective advisees; this has been carried out by taking the year of the first joint publication $y_{ij}^{f}$ as the beginning of a commitment, and (ii) the Kulczynski index has an important null-invariance property, i.e. its value is free from the influence of pairs that do not contain any of the elements being examined. As in \[[@pone.0129065.ref025], [@pone.0129065.ref028]\] we have defined the Kulczynski index for the pair *ij* (i advisor, j advisee) from $y_{ij}^{f}$ until year *t* as follows: $$\begin{array}{r}
{kulc_{ij}^{t} = \sum\limits_{k \leq t}\frac{p_{ij}^{k}}{2} \times \left( \frac{1}{\sum\limits_{k \leq t}p_{i}^{k}} + \frac{1}{\sum\limits_{k \leq t}p_{j}^{k}} \right),} \\
\end{array}$$

It should be observed that the Kulczynski index has been defined as 0 when there are no joint publications and has a maximum value of 1 when *O* ~*i*~ = *O* ~*j*~. Note that while the Kulczynski coefficient is used to study the A-A relationship using the relative joint production during the time, the correlation coefficient r is used to analyze the static influence of the time-relationship in the number of the advisee's publications.

Results {#sec006}
=======

[Table 1](#pone.0129065.t001){ref-type="table"} contains information about the number of researchers, number of A-A pairs for each subarea and number of publications. It should be noted that the sum of the number of researchers was slightly different since some of them were registered in more than one subarea, and others have not registered in any subarea.

10.1371/journal.pone.0129065.t001

###### Number of researchers, number of advisor-advisee pairs and number of publications for each subarea.

![](pone.0129065.t001){#pone.0129065.t001g}

                  No. of researchers   No. of pairs   No. of advisor pub.   No. of advisees pub.   No. of A-A pub.   Total No. of pub.
  --------------- -------------------- -------------- --------------------- ---------------------- ----------------- -------------------
  Astronomy       175                  117            3,610                 1,496                  588               4,760
  Chemistry       3,187                2,523          57,757                34,595                 11,575            83,410
  Computer Sc.    1,742                1,325          10,880                6,769                  1,946             16,450
  Earth Sc.       1,634                1,169          20,151                10,407                 2,300             28,500
  Math            1,074                761            11,201                4,289                  954               14,425
  Oceanography    348                  233            4,849                 2,067                  496               6,559
  Physics         2,398                1,745          55,438                29,868                 9,118             76,620
  Prob. & Stat.   398                  288            7,622                 3,906                  635               10,936
  Total           10,953               8,265          164,852               93,953                 27,454            234,426

A few researchers (175) referred to Astronomy as their main research subarea. We observed, for example, that for decade D1, there were only 14 joint publications. This is probably because there are few universities in Brazil that offer Astronomy as an undergraduate course. Most of the researchers in Astronomy in Brazil did Physics as an undergraduate course and continued their scientific career in Astronomy.

The results are divided into three blocks as defined in the Method Section.

Measuring the time relationship {#sec007}
-------------------------------

### Time to obtain the PhD degree ($T_{i}^{C}$) {#sec008}

We have observed that for almost all the subareas, the median time a student has obtained a doctorate (i.e. $T_{i}^{C}$) is 5 years for the decade D1 and reduced it to 4 in the decades D2 and D3. The frequency distribution of $T_{i}^{C}$ for the Exact Sciences is shown in [Fig 1](#pone.0129065.g001){ref-type="fig"}.

![Frequency distribution of the number of years to obtain the PhD degree ($T_{i}^{C}$) for Exact Sciences by decades.\
(D1 = 1981--1990, D2 = 1991--2000 and D3 = 2001--2010).](pone.0129065.g001){#pone.0129065.g001}

It has been observed a significant decrease in the coefficient of variation of the frequency distribution for the Exact Sciences area that are 37.08, 24.89 and 22.69 for decades D1, D2 and D3 respectively. Similarly for the Skewness, that changes from positive to negative with values 1.74, 1.07 and -0.5 for decades D1, D2 and D3 respectively. Additionally, we compare these distributions through the two sample Kolmogorov-Smirnov Test that shows a significant difference between decades (all with *p* \< 0.01). The obtained statistics are 0.2077, 0.3628 and 0.1552 for the pairs (D1,D2), (D1,D3) and (D2,D3), respectively.

This behavior could be explained by the newly established rules of the CAPES and CNPq (agencies that coordinate the Brazilian post-graduate studies programs). They have established maximum period for PhD students to be awarded grants. Thus, as expected, the mean time to complete the PhD has been significantly reduced.

### Time until the first publication (*z* ~*i*~ and $z_{i}^{*}$) {#sec009}

It was found that throughout the entire time period all the subareas have a statistically significant reduction of the elapsed time until the first publication *z* ~*i*~. To compute the difference between the distributions, it has been used the Kolmogorov-Smirnov test. The statistics for pairs (D1,D2) and (D1,D3) are *D* = 0.1261 and *D* = 0.2499, respectively, both with *p* \< 0.01. Similarly, the result for the pair (D2, D3) is *D* = 0.1488 with *p* \< 0.01. To test the null hypothesis of equality of the medians of these distributions, it has been used the Mann-Whitney test. For the pairs (D1,D2) and (D1,D3) the statistics are *W* = 496583.5 and *W* = 571644.5 both with *p* \< 0.01. For the pair (D2,D3) the statistic W is 5018902.0 also with *p* \< 0.01. It is easy to see that the largest proportion of the first publications of PhD graduate is concentrated on the supervised period, regardless of whether it was carried out with or without an advisor.

In particular, Astronomy, Chemistry, and Physics have shown over a period of decades that less time is required for the first publication. In the decade D1 most of the advisees produced their first works at the same time as at the end of the doctoral period; in the decade D3 this time is approximately two years earlier (data not shown in the manuscript). Mathematics showed the longest period; in the decade D1 the mean was 4 years after the finish of the PhD and in the decade D3 it was the same period as at the end of the doctoral period (data not shown).

In [Fig 2](#pone.0129065.g002){ref-type="fig"}, the time to the first publication for the Exact Sciences by decade is represented. It can be seen that the distributions are invariably more concentrated before the finish of PhD. In addition, it can be noted that the skewness of the distributions is approximating zero.

![Distribution of the time to the first publication with and without the advisor (*z* ~*i*~ and $z_{i}^{*}$) for Exact Sciences.](pone.0129065.g002){#pone.0129065.g002}

The entire time period for the Exact Sciences has also been considered, and it was observed that the skewness value for the time until the first publication without the advisor ($z_{i}^{*}$) is positive (1.02) and less than the positive value of the skewness (1.41) for the time up to the first publication with the advisor (*z* ~*i*~). As in the last analysis, we noted that in Astronomy, Chemistry and Physics subareas *z* ~*i*~ and $z_{i}^{*}$ are less than in the other subareas. Mathematics is the subarea in which these times are the longest. For the Exact Sciences the mean time for *z* ~*i*~ is near a year before the end of the PhD (-0.94) with a standard deviation of 2.59 years (here account has not been taken of individuals who have not published with their advisors) and on average, $z_{i}^{*}$ appears to be approximately the same year (-0.91) as *z* ~*i*~ with a standard deviation of 3.14 years.

### Time relationship between PhD graduate and his advisor ($T_{i}^{R}$) and the ratio of extrapolation (*v* ~*i*~) {#sec010}

For Exact Sciences and for the entire period the mean of $T_{i}^{R}$ is about 6.07 years and is higher in approximately three years than the year of the first joint work (i.e. than $y_{ij}^{f}$ where *j* is the advisor). For the whole group and respective subareas, the median of $T_{i}^{R}$ is ≥ 5 years and in 75% of the pairs the median of $T_{i}^{R}$ is ≤ 7 years. In Chemistry and Physics, the mean and median are greater by about a year than in the other subareas and the third quartile of this distribution has also shown a greater value, which suggests that there is a close relationship between these pairs. Astronomy showed a singular behavior and high degree of variability because of the small number of researchers involved in this subject-area.

The mean of $T_{i}^{R}$ for the Exact Sciences, (when all the periods under study are taken into account), extends to 6.07 years and if we take the last decade, most of the students have completed their doctoral period in four years. Thus, it can be inferred from them that the duration of the coauthoring between advisor and advisee extrapolates the formal period of supervision in approximately 2 years. It should be noted that the suggested time that the Brazilian financial agencies believe is necessary to complete the PhD project is four years, and they have encouraged research independence, i.e. for scientific research to be carried out without the cooperation of the advisor after the thesis defense.

The ratio of extrapolation (*v* ~*i*~) for Chemistry and Physics are greater than other subareas for each decade. That shows that Chemistry and Physics are the groups that actively collaborate over decades.

Measuring the research output {#sec011}
-----------------------------

### Advisees without A-A publications {#sec012}

We observed that the A-A partnership has not always been productive since 2,312 PhD students have not published any material with their advisors (approximately 28% of the considered dataset) with the caveat that 68 of them had A-A publications before the start of the PhD and some have works without the advisor or that they have published at conferences or even in book form.

The percentage of advisees who have not published with their advisors in Astronomy, Chemistry and Physics is lower than in other subareas for all the decades (See [Fig 3](#pone.0129065.g003){ref-type="fig"}). These proportions are not influenced by the variability of the sample nor the number of pairs. It should be noted that there was a significant reduction in the already mentioned proportion from decade D1 to D3 in Physics and Computer Science. Also this reduction is not influenced by the variability of the sample. Despite the small number of pairs in the first years of D1 and the last years of D3, the null hypothesis of the random distribution of the ranks of these two decades has been rejected by the Wilcoxon Rank Sum test for Physics and Computer Science. Fot these two subareas, the statistics are *W* = 89 (*p* \< 0.01) and *W* = 68 (*p* = 0.032), respectively. Also, the same null hypothesis has been tested for Chemistry and it has not been rejected; the statistic is *W* = 63.5 with p-value not significant (*p* = 0.163). In contrast, a different behavior is observed for Astronomy and Oceanography that can be explained by the small number of pairs for the D1 decade. Note that the standard deviation for these two subareas in the decade D1 is greater than the others.

![Proportion of advisees without A-A publications by decades.](pone.0129065.g003){#pone.0129065.g003}

Through a triennial evaluation procedure for the graduate programs, CAPES has laid down guidelines for the pairs to produce research results in the form of papers, conferences, books or patents. Thus, it was expected that the proportion of advisees that have not produced A-A publications would decline during the decades. However, this expected behavior was not observed in Mathematics that has the highest percentage of advisees without A-A publications.

### Proportion between the A-A publications and the total number of advisee's publications per year (*q* ~*y*~) {#sec013}

In analyzing the influence of the number of the A-A publications on the total number of the advisee's publications, we have considered the proportion between these two measures. Over a period of decades, there was a continuous increase of this proportion ([Fig 4](#pone.0129065.g004){ref-type="fig"}) and a considerable difference between the decade D3 and the other two decades. This difference has shown statistical significance using the Mann-Whitney non-parametric test, the obtained statistics are W = 55 for both pairs (D1,D3) and (D2,D3) all with *p* \< 0.01. This test has been used after verified the similarity of variance with the *F* and Levene tests with *p* \> 0.1. The singular behavior and high degree of variability of this proportion in the last years of the decade D3 curve is due to the fact that exist a small number of researchers involved that began theirs graduation in this years and concluded it before 2010 or that some researchers do not update their curricula frequently \[[@pone.0129065.ref031]\]. The standard deviations are shown in [Fig 4](#pone.0129065.g004){ref-type="fig"} and are up to 0.31, 0.04 and 0.4 for decades D1, D2 and D3, respectively.

![Proportion of A-A publications with regard to the total number of publications of the advisee (*q* ~*y*~) for the Exact Sciences.](pone.0129065.g004){#pone.0129065.g004}

We also noted that for the decade D3, this proportion for Chemistry, and Physics is greater than for the whole group of the Exact Sciences and for the other subareas this measure is less than that of the Exact Sciences (data not shown).

For the entire period, it is worth noting that the maximum of A-A publications was 158 and the mean average of the joint publications for Astronomy, Chemistry and Physics is greater than 4.6 and for the other subareas is less than 2.2. It is reasonable to assume that a small proportion of pairs that do not produce A-A works in these subareas can be correlated in an opposite way to the high mean average of the A-A publications. The mean of the number of advisee publications for the Exact Sciences is 11.39, with a standard deviation of 20.58, and the mean of the number of advisor publications is 51.78 with a standard deviation of 50.14. It has been noted that Physics is the subarea where advisors and advisees publish more than other subareas, followed by Chemistry and Astronomy. Mathematics and Computer Science are the subareas with the lowest number of journal publications.

Measuring the time relationship versus research output {#sec014}
------------------------------------------------------

### Correlation analysis {#sec015}

The Spearman correlation coefficient \[[@pone.0129065.ref032]\] was used to calculate the relationship between $T_{i}^{R}$ and *p* ~*i*~ for the entire period for the Exact Sciences and their respective subareas. The correlation r = 0.424 was obtained for the Exact Sciences with *p* \< 0.001. For all the subareas, this coefficient is higher than 0.34 with p-values less than 0.01, except for Computer Science (with r = 0.26 and p-value \< 0.01). The highest r corresponds to Astronomy (r = 0.642 and p-value also less than 0.01).

Additionally, the Spearman correlation was calculated to assess the same variables by considering the decades when the relationship started. Moreover, as we noted in Chemistry and Physics, this measure was significant for all the decades (*p* \< 0.01).

As shown in \[[@pone.0129065.ref025], [@pone.0129065.ref028]\], it was also found that there is a significant correlation between the total number of publications of the advisors and advisees. For all pairs in Exact Sciences that have published at least one output, it has been computed the Spearman correlation (r) from the first A-A publication. This value is 0.584 with *p* \< 0.01.

### Measuring the A-A relationship {#sec016}

All the measurements used in previous sections are related to the global behavior of the Exact Science area and their subareas. This static approach does not allow to analyze the dependence between the advisor and the advisee. To measure this influence, we have employed a modified version of the Kulczynski index that has been used to determine the dependence relationship between A-A.

We have analyzed the advisor-advisee relationship through time by adopting two approaches: the first took account of the entire period and the second separated it into decades setting out from the year of the first output $y_{ij}^{f}$. The novel feature of our approach is that it employs the Kulczynski index $kulc_{ij}^{t}$ to measure this relationship every year for each pair, until the year of the last A-A publication ($y_{ij}^{l}$). It should be highlighted that high values of $kulc_{ij}^{t}$ does not indicate high production; this will be explained in the Computer Science case.

In the first approach, the mean and standard deviation of $kulc_{ij}^{t}$ was calculated for every year for the Exact Sciences and its eight subareas. Due to the large number of data, we have only shown the mean in [Fig 5](#pone.0129065.g005){ref-type="fig"}. For this period, the maximum value of the standard deviation is 0.22 for Oceanography in the first year, and the minimum is 0.11 for Computer Science in the last year. In [Fig 5](#pone.0129065.g005){ref-type="fig"}, it can be seen that the relationship declines gradually for every subarea. Probability & Statistics has the lowest index in most of the years of the analyzed period, which means that in Probability & Statistics the A-A dependence is fewer than in the other subareas for these years. It is worth noting that in the first ten years of the relationship in Computer Science, most of the advisees' publications are produced jointly with their advisors which indicates high values in the Kulczynski index; however this does not imply that there are a large number of advisee's publications.

![Mean of the Kulczynski index for Exact Sciences and all the subareas.](pone.0129065.g005){#pone.0129065.g005}

In the second approach, we have constructed a dendrogram ([Fig 6](#pone.0129065.g006){ref-type="fig"}) of the mean of the Kulczynski index until the fifth year to detect distinguishing behavioral features in the subareas. Five clusters of subareas can be seen: (i) Astronomy, (ii) Physics and Chemistry, (iii) Oceanography and Earth Sciences, (iv) Mathematics and Probability & Statistics, and (v) Computer Science.

![Dendrogram displaying the decline of the Kulczynski index until the 5th year.](pone.0129065.g006){#pone.0129065.g006}

Assessing the clusters of subareas {#sec017}
----------------------------------

In [Fig 7](#pone.0129065.g007){ref-type="fig"}, the mean average of the downward trend of the index for the Exact Sciences was compared with each cluster until the tenth year for each decade. It has been computed the standard deviation for each year of each decade. For the decade D1, the maximum value of the standard deviation (0.33) corresponds to the third year of Computer Science and the minimum (0.10) for the ninth year of Astronomy. For the decade D2, the maximum value is 0.19 for the second year of Mathematics & Statistics and the minimum 0.15 for the eighth year of Chemistry & Physics. Fort decade D3, the maximum value of the standard deviation (0.22) corresponds to second year of Mathematics & Statistics and the minimum (0.10) for the eighth year of Astronomy. In general, it has been observed that the standard deviations are similar for each decade.

![Mean of the Kulczynski index for decade D1, decade D2 and decade D3 for the Exact Sciences and the five clusters per subareas (according to the dendrogram).](pone.0129065.g007){#pone.0129065.g007}

In the Exact Sciences, it was found that for the decade D1 the Kulczynski index declined by a mean average of 35.48% until the fifth year and 48.38% until the tenth year. In the decade D2 the index decreased by a mean average of 31.25% until the fifth year and 40.63% until the tenth year, for the same periods, for D3 the index decreased by 25% and 34.38% respectively. It can be observed that in the last decade, the A-A dependence fell by a lower proportion than in the other decades. This result could be explained by the new Brazilian scientific policies that require more publications to be issued through partnerships in the early career.

In [Fig 7](#pone.0129065.g007){ref-type="fig"}, the relationship between the trend and the groups of decades of the Exact Sciences remains in two clusters (i) Physics and Chemistry, and (ii) Oceanography and Earth Sciences. In the other clusters, the groups have the same downward trend, but not the same relationship between the three decades. It is worth noticing that while the A-A dependence has fallen from D1 to the other decades for most of clusters; for the Computer Science cluster, the relationship between the decades is the opposite.

[Fig 8](#pone.0129065.g008){ref-type="fig"} shows the proportion of A-A publications with respect to the total number of advisee's publications (i.e. *q* ~*y*~) for the five clusters for the decade D3 (the last two years have not been represented because the high variability of the proportions due to the fact that exist a small number of researchers involved). It can be seen that *q* ~*y*~ for Chemistry and Physics is statistically significant greater than the Exact Sciences computed by the Mann-Whitney test with W = 87 and p = 0.026 in contrast the *q* ~*y*~ for Oceanography & Earth Sciences and Computer Science is smaller than that Exact Sciences, with *W* = 85 (*p* = 0.041) and *W* = 99 (*p* = \< 0.01) respectively.

![Proportion of A-A publications with regard to the publications of the advisee (*q* ~*y*~) for decade D3 for the Exact Sciences and the five clusters per subareas (according to the dendrogram).](pone.0129065.g008){#pone.0129065.g008}

Following, it is discussed the behavior of each of the five clusters.

### Astronomy {#sec018}

Since there are few universities in Brazil that have Astronomy as an undergraduate course and most of researchers in Astronomy did Physics as their undergraduate course and then continued their scientific career in Astronomy, it is expected that the behavior of this cluster will be similar to the Physics and Chemistry cluster. However, in some respects, it is dissimilar due to the small number of researchers involved in this area, especially in decade D1. It can be seen that over a number of years, Astronomy has experienced a significant growth.

### Chemistry and Physics {#sec019}

There has been a long tradition of publications with multiple authors in natural science, such as Chemistry and Physics, because of their need to work in large groups \[[@pone.0129065.ref025]\]. Nevertheless, it is possible that some joint publications might not necessarily have been the result of the doctoral work of the advisee. This could be one of the reasons why this cluster and the Astronomy cluster have achieved the lowest percentage of pairs who have never published jointly. It should be underlined that Chemistry and Physics are the subareas where traditionally pairs have always been committed to produce joint studies. This cluster has the lowest elapsed time for the first A-A publication. Moreover, this cluster shows a significant reduction in the percentage of pairs that have not publised from the decade D1 to D3. The period of the collaboration $T_{i}^{R}$ for this cluster is greater in about one year than the other subareas (in the mean and the median). This cluster and the Astronomy cluster show a shorter time to achieve the first publication with respect to the year of the PhD graduation (*z* ~*i*~). Moreover, from decade D1 to D3 there is a significant reduction of *z* ~*i*~ from the end of the doctoral period in D1 (*z* ~*i*~ ≃ 0) to two years before it in decade D3 (*z* ~*i*~ ≃ −2). Chemistry and Physics is a cluster where advisors and advisees publish more, the mean of the joint publications (*p* ~*ij*~) is higher and the proportion of the joint publications with regard to the total number of publications of the advisees (*q* ~*y*~) is greater than the other subareas. This implies a close relationship, but not a strong interdependence between the pairs (the Kulczynski index is neither the highest nor the lowest).

### Computer Science {#sec020}

The publication culture in Computer Science has been different from the other subareas \[[@pone.0129065.ref033]\]. It is known that although works published in journals have a greater impact, the standard practice is to publish more in conferences \[[@pone.0129065.ref034], [@pone.0129065.ref035]\], and, sometimes, after publishing a conference paper, an extended version is published in a journal \[[@pone.0129065.ref033]\]. A conference provides an opportunity for fast and regular publications, as well as to meet other researchers and form new partnerships. In Computer Science, having a paper accepted at a leading conference is prestigious and also allows the work to be disseminated \[[@pone.0129065.ref033]\]. These characteristics are important for Computer Science since it is a relatively young and rapidly evolving subarea \[[@pone.0129065.ref034]\]. Currently, there is a debate about whether it is necessary to change the procedure of publishing a paper in a journal and the role of the conference in this subarea. As expected, advisors and advisees in Computer Science prefer to publish in conferences rather than in journals. This could be a reason for the results obtained for Computer Science with regard to the number of publications in journals. As was shown in our results, Computer Science has one of the lowest numbers of journal publications. In Brazil, this has not been a drawback because the graduate program assessment committee in Computer Science looks favorably on conference publications. It should be noted that this attitude in Computer Science is changing since researchers are required by the government agencies to publish in journals as well. This could be the reason for the significant reduction in the percentage of advisees who have not published with their advisors during the decade from D1 to D3. The government agencies also encourage independent research. Although Computer Science has higher values in the Kulczynski index in the decade D1 than the other clusters, the dependence between the advisor-advisee pair has declined from decade D1 to the other decades, which shows that it is a source of great concern in this cluster.

### Mathematics and Probability & Statistics {#sec021}

Mathematics has traditionally been a domain of individual scientists rather than of teams \[[@pone.0129065.ref036]\]; however in this subarea there has been an increasing number of joint works. In the 40's, 90% of math papers were single authored, but this percentage fell to about 50% in the last decade \[[@pone.0129065.ref037]\]. Despite this growth in the number of collaborations, it should be stressed that currently Mathematics has the lowest number of joint publications among all the subareas \[[@pone.0129065.ref032], [@pone.0129065.ref036], [@pone.0129065.ref038]\]. \[[@pone.0129065.ref032], [@pone.0129065.ref039]\] have explained this phenomenon by suggesting that theoretical studies can be produced with fewer authors than experimental work. However, Mathematics still has the smallest number of journal publications and the highest percentage of advisees without joint publications. Although Mathematics has shown the longest time for the first publication (*z* ~*i*~), this situation has been improving considerably in recent years. In the decade D1, the mean average of this time was 4 years after the finish of the PhD (*z* ~*i*~ ≃ 4) and in the decade D3 it changed to the same period as the end of the doctorate (*z* ~*i*~ ≃ 0). Probability & Statistics has the lowest values in the Kulczynski index in most of the years of the analyzed period and also less proportions of joint publications with regard to the total number of publications of the advisee (*q* ~*y*~) than Exact Sciences in most of the years. However, the percentage of advisees without joint publications is not one of the greatest and is about 35%. This means that the advisees are independent, and the number of advisee's publications that have been issued with their respective advisors are fewer than in the other subareas for these years.

### Oceanography and Earth Sciences {#sec022}

There are few works that investigate the scientific output of the area of Oceanography in Brazil. This area includes a low number of researchers and thus a low number of pairs ([Table 1](#pone.0129065.t001){ref-type="table"}). It is also the area with the lowest number of A-A publications. One of the factors that may have caused the low number of researchers is the recent consolidation of Oceanography in the country \[[@pone.0129065.ref040]\]. In \[[@pone.0129065.ref040]\] the areas of Astronomy and Oceanography are compared, which suggests that Astronomy publications differ from Oceanography in term of the international attention they receive and also that the most cited publications in Oceanography are geared towards the national interest. The other area in this cluster, Earth Sciences, seems to be different from Oceanography in terms of the number of researchers ([Table 1](#pone.0129065.t001){ref-type="table"}). However, in our study, in terms of the interdependence between A-A, Oceanography and Earth Science are one of the pair areas that are most closely related, according to [Fig 6](#pone.0129065.g006){ref-type="fig"}. One possible reason for this is that in some universities of Brazil, Oceanography is treated as a part of Earth Science. The behavioral patterns in the A-A relationship, when almost all the metrics assessed in this study for Oceanography and Earth Science clusters are taken into account, is similar to the behavior displayed in [Fig 8](#pone.0129065.g008){ref-type="fig"}, where the proportion of joint publications with regard to the total number of publications of the advisee (*q* ~*y*~) for this cluster is smaller than the other clusters with the statistics *W* between 87 and 100 and *p* \< 0.026 computed by the Mann-Whitney test except for Mathematics and Probability & Statistics with *W* = 77 and *p* = 0.372.

Conclusion {#sec023}
==========

In this paper, we have sought to outline some features of the time relationship and publications between advisors and advisees registered in the Exact and Earth Sciences Area of the Lattes platform from 1981 to 2010. To the best of our knowledge, this is the first study in large scale of the relationship between advisors and advisees (8,265 pairs). The percentage of pairs that never published was 28%. For the other set of pairs, different from Pinheiro et al (2014), in this work we have found evidence that the time of PhD training to develop skills and "know-how" is not limited to the formal period of supervision, but it could extrapolate it. Additionally, we detected a positive and significant correlation between the duration of the relationship and the number of advisee publications, as measured by the Spearman Correlation Coefficient. This means that the duration of the relationship correlates positively with the scientific productivity of the advisee (measured by the number of journal papers published).

Nevertheless, the evolution of the relationship between the pairs measured by the Kulczynski index decline throughout the time period under study. This suggests that the PhD graduate gets more independence with respect to his advisor along the years and/or increments his research collaboration group.
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